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Dry  anaerobic  digestion  (DAD)  is  an  attractive  method  for  the  stabilization  of  solid  organic  waste  with 
high  solid  concentration  (22-40%).  This  article  provides  different  aspects  for  bio-energy  production 
through  dry  anaerobic  digestion  suggested  by  different  researchers.  Basic  fundamental  aspects  like 
reactions  occurring  in  the  process,  microbial  species  involved  in  the  process,  effect  of  feedstocks  and 
operational  parameters  like  pH,  temperature,  C/N  ratio,  VFA  concentration,  etc.  with  types  of  reactors  are 
summarized.  A  number  of  scenarios  and  the  effect  of  changing  individual  parameters  of  the  environ¬ 
mental  impacts  of  dry  anaerobic  digestion  process  for  biogas  production  are  considered.  Mobility 
of  mass  nutrient  and  energy  flow  in  the  above  said  process  are  also  parts  of  this  review  article. 
We  conclude  that  long  term  research  and  development  for  improvement  and  optimization  of 
operational  parameters  in  dry  anaerobic  digestion  is  necessary. 
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1.  Introduction 

Anaerobic  digestion  (AD)  is  a  biological  process  that  converts 
organic  matter  into  a  methane  rich  gas.  It  is  a  well  established 
technology  for  the  treatment  of  organic  fraction  of  various  waste 
materials  [1-3],  Water  has  an  important  role  in  the  controlling  of 
the  whole  AD  process.  It  is  responsible  for  the  growth  of  microbial 
population  and  also  worked  as  a  buffering  agent  for  all  the 
substrate  and  reactants.  The  AD  process  are  classified  in  different 
ways  such  as  on  the  basis  of  the  reactor  design,  operating 
parameters  such  as  pH,  total  solids  (TS),  volatile  solids  (VS) 
contents  and  biodegradability  of  substrate.  In  order  to  facilitate 
the  above  said  process,  recommended  percentage  of  total  solid 
in  digester,  can  be  categorized  i.e.  with  low  ( <  15%),  medium 
(15-20%)  and  high  (20-40%)  total  solids  [4-6],  Therefore,  the  wet 
anaerobic  digestion  system  are  characterized  by  total  solids  less 
than  that  15%  and  dry  system  are  characterized  by  total  solids 
higher  than  15%. 

However,  AD  was  found  to  be  an  attractive  method  especially 
in  present  time  because  it  offers  a  spectrum  of  striking  advantages 
[5],  This  technology  is  very  salient  in  Asian  countries  because  of  its 
suitable  waste  characteristics.  Thus,  anaerobic  treatment  provides 
a  method  of  reducing  pollution  from  various  operations  (agricul¬ 
tural,  municipal  and  industrial  operations).  Among  the  biological 
treatments,  AD  is  the  most  cost-effective,  owing  to  the  high  energy 
recovery  linked  to  the  process  and  its  limited  environmental 
impact  [6],  This  process  is  considered  as  innovative  and  attractive 
technology  for  waste  stabilization  with  significant  mass  and 
volume  reduction  with  the  generation  of  valuable  by  products 
such  as  biogas  and  fertilizer.  The  anaerobic  digestion  of  biomass 
waste  is  now  an  established  and  commercially  proven  approach 
for  treatment  and  recycling  [7], 

Wet  Digestion  requires  the  huge  amount  of  water,  which  may 
be  either  equal  or  greater  than  the  quantity  of  biomass.  This  result 
in  a  huge  wasting  of  water,  which  should  be  avoided  taking  into 
consideration  the  condition  of  water  scarcity  in  India.  Also  the 
high  percentage  of  water  present  in  the  digested  slurry  severely 
decreases  per  unit  volume  nutrient  value  of  manure,  which 
hampers  the  transportation  economics  of  manure.  Drying  of 
manure  involves  huge  requirement  of  land  and  energy  and  also 
loss  of  its  nutrient  value.  In  this  view,  dry  anaerobic  digestion 
(DAD)  is  a  process  that  is  rapidly  gaining  momentum  to  new 
advances  especially  in  the  area  of  anaerobic  fermentation  and  has 
become  a  major  focus  of  interest  in  waste  management  through¬ 
out  the  world.  The  DAD  performance  is  very  robust  as  it  allows 
very  high  production  rates  [8],  This  process  is  more  feasible  to 
wide  range  of  organic  wastes  including  wastewater  sludge  from 
industries  with  the  recovery  of  renewable  energy  and  reduction  in 
pollution  load  [9],  Application  of  this  process  is  limitedly  practiced 
especially  in  developing  countries  due  to  the  lack  of  appropriate 
treatment  system  configurations  and  mainly  due  to  the  longer 
time  required  for  the  bio-stabilization  of  waste.  In  this  regard,  DAD 
is  remarkable  method  that  could  offer  potential  by-products  such 
as  fertilizer  and  energy  generation.  The  process  also  results  in  a 
lower  production  of  leachate  and  easy  handlings  of  digested 
residues  that  can  be  further  treated  by  aerobic  composting 
processes  are  used  as  organic  fertilizer  [10], 


Dry  Anaerobic  Digestion  (DAD)  process  is  more  popular  nowa¬ 
days  among  researchers  and  in  corporate  sector  for  laboratory 
scale  and  pilot  studies  because  of  its  reduced  cost  and  potential 
by-products.  But,  sometimes  the  process  shows  inhibition  problem 
[11],  which  may  be  due  to  requirement  of  large  amount  of 
inoculums,  long  retention  time  [12],  accumulation  of  VFA  [13] 
and  type  of  complex  solid  waste  materials  [14],  Therefore,  to 
develop  a  suitable  and  feasible  DAD  process,  it  is  important  to 
review  and  suggest  the  improvement  required  for  the  sustainable 
approach.  In  this  regard,  various  aspects  of  the  process,  opera¬ 
tional  parameters,  environmental  impacts  of  the  process,  eco¬ 
nomic  analysis,  mass  balance  and  energy  flow  have  been  included 
in  this  article. 

2.  Basic  kinetics  involved  in  process 

Anaerobic  digestion  of  organic  matters  occurs  in  four  steps, 
called  as  hydrolysis;  acidogenesis;  acetogenesis;  and  methanogen- 
esis.  There  is  a  consortium  of  microorganisms  such  as  acidogenic 
bacteria,  acetogenic  bacteria,  and  methanogens,  etc.,  which  are 
responsible  in  biogas  production  from  organic  materials.  The 
organic  matters  are  found  in  any  waste  in  the  form  of  polymers 
such  as  carbohydrates  (cellulose,  hemicelluloses,  starch,  etc.),  oils, 
fats  and  proteins.  In  general,  microorganisms  are  not  capable  to 
utilize  these  polymers  because  of  large  size  of  molecule,  which 
cannot  penetrate  the  cell  wall  of  the  microorganisms.  Therefore, 
acidogenic  bacteria  produce  extracellular  enzymes  such  as  cellu¬ 
lose,  xylanase,  amylase,  lipage,  proteolytic  enzymes,  etc.,  to  hydro¬ 
lyze  these  polymers.  The  carbohydrates,  proteins  and  oils  and  fats 
are  hydrolyzed  into  monomeric  sugars,  amino  acids  and  fatty 
acids,  respectively.  An  approximate  chemical  formula  for  the 
mixture  of  organic  waste  is  C6H1004  [15],  The  hydrolysis  reaction 
can  be  written  as  [15]: 

CgH\q04  +  2H20— >  CqH320q  -\-H2  (1) 

The  hydrolyzed  organic  compounds  (monomeric  sugars,  amino 
acids  and  fatty  acids)  are  utilized  by  the  acidogenic  or  acid  forming 
bacteria  for  their  growth  and  accumulate  volatile  fatty  acids  such 
as  acetic  acid,  propionic  acid,  butyric  acid  and  valeric  acid  along 
with  carbon  dioxide,  water  and  hydrogen,  called  acidogenesis. 
These  bacteria  are  fast-growing  with  a  doubling  time  of  about 
30  min.  The  accumulation  of  volatile  fatty  acids  can  be  written  as 
[15]: 

C6H1206  <->  2CH3CH2OH  +  2C02  (2) 

C6HU06  +  2H2^>2CH3CH2C00H+2H20  (3) 

The  volatile  fatty  acids  except  acetic  acid  such  as  propionic  acid, 
butyric  acid  and  valeric  acid  are  again  utilized  by  acetogenic 
bacteria  for  their  growth  and  form  acetic  acid  and  hydrogen, 
called  acetogenesis.  These  bacteria  grow  slowly  with  a  doubling 
time  of  1.5  to  4  days.  The  acetogenesis  reaction  can  be  written  as 
[15]: 

CH3CH2C  OOH +  2H2  O  <->  CH3COOH+  C02  +  3H2  (4) 

Finally,  methanogens  utilize  acetic  acid,  hydrogen  and  carbon 
dioxide  and  form  methane  gas,  called  methanogenesis.  The 


176 


R.  Kothari  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  39  (2014)  174-195 


methane  is  produced  from  a  number  of  simple  substances:  acetic 
acid,  ethanol,  methanol  or  carbon  dioxide  and  hydrogen.  Metha- 
nogens,  which  utilize  acetic  acid  known  as  acetoclastic  methano- 
genesis  whereas  hydrogen  and  carbon  dioxide  utilizing 
methanogens  are  known  as  hydrogenotrophic  methanogenesis. 
The  methanogens  also  grow  slowly  with  a  doubling  time  of  2  to 


4  days.  Madigan  et  al.  [15]  found  stoichiometrically  that  about  70% 
of  the  methane  is  produced  via  the  acetate  pathway.  The  metha- 

nogenesis  reactions  can  be  written  as  [15]: 

2CH3CH20H+C02  <->2CH3COOH  +  CH4 

(5) 

ch3cooh+co2 CH4 + 2C02 

(6) 

ch3oh+h2^ch4+h2o 

(7) 

C02  +  4 H2  <^CH4  +  2H20 

(8) 

Biogas  formation  is  governed  by  the  specificity  of  the  micro¬ 
organisms  and  the  metabolic  regulations  which  are  dependent  on 
the  process  parameters.  Hence,  the  monitoring  of  the  growth  of 
microbial  cells  and  methane  formation,  and  the  cell  behavior 
towards  the  substrate  and  the  product,  particularly  on  their 
concentration,  need  careful  studies.  A  functional  relationship 
between  specific  growth  rate  (/t)  and  the  rate  limiting  substrate 
concentration  (S)  is  generally  expressed  by  Monod-type  equation 
[16]: 


2.3.  Methanogenesis 

H  — _ PmmSm _  M2) 

(I<sm  +  Sm)  (l+(Sm//CIm))  '  ’ 

where,  /jm  is  the  specific  growth  rate  of  methanogens;  ftmm  is  the 
maximum  specific  growth  rate  of  methanogens,  Sm  is  the  substrate 
concentration  (acetic  acid)  for  methanogens,  Pm  is  the  product 
(methane)  concentration:  Xsm  and  I<lm  are  the  saturation  and 
substrate  inhibition  constants,  respectively. 

The  methane  formation  is  an  anaerobic  process,  the  dissolved 
oxygen  is  not  considered  as  a  limiting  substrate  of  the  system. 
Therefore,  the  proposed  kinetics  can  be  modified  in  terms  of  both, 
the  substrate  and  the  product  and  combined  with  death  rate  and 
cell  maintenance.  The  rate  of  cell  mass  formation,  product  forma¬ 
tion  and  substrate  consumption  are  related  to  the  cell  concentra¬ 
tion  (X),  product  concentration  (P)  and  substrate  concentration  (S) 
as  follows  [18]: 

^  =  ftX-KdX  (13) 


dP 

dt 


(14) 


dS 

dt 


+  I(CmX 


(15) 


M  = 


PmS 

Ks+S 


(9) 


where  / tm  is  the  maximum  specific  growth  rate,  and  I(s  is  the  value 
of  the  rate  limiting  substrate  concentration  at  which  the  specific 
growth  rate  is  half  of  its  maximum  value,  generally  referred  to  as 
the  saturation  constant. 

In  most  of  the  processes,  high  concentrations  of  substrate 
and/or  product  often  lead  to  inhibitory  effects.  Anaerobic  digestion 
generally  experiences  inhibition  to  growth  of  cells  from  the 
substrate  and  acid  (product/substrate).  The  inhibition  can  be 
categorized  into  three  sections:  A.  substrate  inhibition;  B.  product 
inhibition;  C.  both  substrate  as  well  as  product  inhibition.  As  the 
acid  formation  increases,  the  acid  inhibits  the  growth  of  acidogens, 
acetogens  and  methanogens.  The  acid  formation  is  a  product  for 
acidogens,  substrate  and  product  for  acetogens  and  substrate  for 
methanogens.  Several  inhibition  models  have  been  proposed  by 
various  researchers  for  either  substrate  or  product  or  both.  There¬ 
fore,  Monod-type  equation  can  be  modified  for  substrate  and/or 
product  inhibition  as  [16,17]: 


2.1.  Acidogens 

U  — _ PmaSa _  (If)) 

U  (Ksa+Sa)  (l+(Pa/Xpa))  1  ’ 

where  /,<a  is  the  specific  growth  rate  of  acidogens;  pma  is  the 
maximum  specific  growth  rate  of  acidogens,  Sa  is  the  substrate 
concentration  for  acidogens,  Pa  is  the  volatile  fatty  acid  concentra¬ 
tion,  KSa  and  KPa  are  the  saturation  and  product  inhibition 
constants,  respectively. 


2.2.  Acetogens 

u  = _ PmacSac _ _  M}-, 

aC  O^Sac  T  Sac)  (1  +  (3ac/ Xlac))  (1  +  (Pac/Kpac)) 

where,  /tac  is  the  specific  growth  rate  of  acetogens;  pmac  is  the 
maximum  specific  growth  rate  of  acetogens,  Sac  is  the  substrate 
concentration  (volatile  fatty  acids  except  acetic  acid)  for  acetogens, 
Pac  is  the  product  (acetic  acid)  concentration,  XSac,  XIac  and  KPac  are 
the  saturation,  substrate  inhibition  and  product  inhibition  con¬ 
stants,  respectively. 


or, 

dS_  1 
dt  YX/s 

or, 

-Xf=  (^+^)(P-Xd  +  KCM)X  (17) 

at  V'x/s  'p/s/ 

where  Kd  is  the  specific  death  rate  (h_1);  I<CM  is  the  maintenance 
coefficient  (h_1);  YX/s,  Vp/x  and  YP/S  are  the  yield  coefficients  for 
cells  formation,  product  formation  per  unit  cell  mass  and  product 
formation  per  unit  substrate  consumed,  (g  g  1 ),  respectively. 

DAD  process,  basic  theme  of  article,  follows  the  same  sequen¬ 
tial  steps  in  production  mechanism  like  wet  anaerobic  digestion 
process.  It  exhibited  a  poor  startup  performance  in  the  first  step 
(hydrolysis)  due  to  presence  of  small  quantities  of  water  [19,20], 
Volatile  fatty  acids  (VFAs),  alcohols,  C02  and  H2  are  the  major 
products  from  monomeric  compounds  of  raw  waste.  VFA  act  as 
intermediate  compounds,  treated  as  an  indicator  of  the  digestion 
efficiency,  but  high  concentration  of  these  acids  will  result  in 
decrease  of  pH,  inhibition  of  acidification  destruction  and  ulti¬ 
mately  failure  of  digester  [21],  The  overall  reaction  is  shown  in 
equation  as  below: 

Organic  Matter ->CH4  +  C02+H2+NH3+H2S  (18) 

In  DAD  process,  the  undiluted  substrate  is  pretreated  and  fed 
into  the  air  tight  digester  under  strict  anaerobic  conditions.  This 
process  produces  lower  amount  of  stabilized  sludge  (3-20  times 
lower  than  aerobic  process)  since  the  energy  yield  of  microorgan¬ 
ism  in  DAD  is  relatively  low  [22].  Most  of  the  energy  derived  from 
the  substrate  breakdown  is  found  in  the  final  product  as  methane 
(CH4).  Methanogens,  the  important  methane  producers  are 
directly  co-related  with  organic  loading  rate,  volatile  solids 
removal  and  methane  production  [23-27],  The  basic  and  main 
reactions  in  DAD  process  have  been  explained  in  Fig.  1. 


dX\  YP/X  7 dX' 


dt 


+3 


■  p/s 


\dt 


+  I<cmX 


(16) 


3.  Basic  fundamental  aspects 

A  wide  variety  of  systems  has  been  developed  to  treat  various 
types  of  organic  wastes  in  anaerobic  condition.  These  systems  can 
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Fig.  1.  Main  steps  and  pathways  of  DAD  process  [25], 


Table  1 

System  basics  according  to  variation  in  processes  of  anaerobic  digestion  [23], 


System 


System  basics 


1.  According  to  total  solid 

(a)  Wet  process 

(b)  Dry  process 

2.  According  to  digester  feed 

(a)  Batch-process 

(b)  Continuous  process 

3.  According  to  steps  involved 

(a)  Single  steps 

(b)  Multi-steps 

4.  According  to  feedstock  used 

(a)  Co-digestion 


The  organic  feedstock  is  slurried  with  large  amount  of  water  to  provide  a  dilute  feedstock  of  10-15%  dry  solids 
The  organic  feedstock  used  a  dry  solids  content  of  20-40% 

The  reactor  vessels  are  loaded  with  raw  feed-stocks  and  inoculated  with  digestate  from  another  reactor.  They  are  then  sealed 
and  left  until  thorough  digestion  has  occurred.  The  digester  is  then  emptied  and  a  new  batch  of  organic  mixture  is  added 
The  reactor  vessel  is  fed  continuously  with  digested  materials  and  fully  degraded  materials  are  continuously  removed  from  the 
bottom  of  the  reactor 

All  digestion  steps  occurred  in  one  digester 

Process  consists  of  several  reactors,  often  the  organic  acid  forming  stage  of  the  anaerobic  digestion  process  (acetogenesis)  is 
separated  from  the  methane  forming  stage  (methanogenesis) 

The  organic  material  is  mixed  with  some  other  substrates  (like  food  waste  with  animal  manure).  This  improves  the  digestion 
process  by  maintaining  C/N  ratio  so  the  gas  production  improves 


All  these  system  work  on  the  same  mechanism  as  those  of  the  basic  steps  of  the  reaction  in  anaerobic  conditions. 


be  categorized  according  to  the  variations  in  the  process  as 
described  in  Table  1  and  Fig.  2,  respectively. 

3.1.  Microbial  communities 

The  microbial  communities  in  an  anaerobic  digestion  process 
have  an  important  role.  Basically,  three  groups  of  microbial 
communities  are  responsible  for  anaerobic  digestion.  First  group 
of  organisms  is  responsible  for  hydrolyzing  organic  polymers  and 
lipids  to  basic  structural  building  blocks  such  as  fatty  acids, 
monosaccharide,  amino  acids,  and  related  compounds.  Second 
group  of  anaerobic  bacteria  ferments  the  breakdown  products 
from  the  first  group  to  simple  organic  acids,  the  most  common  of 
which  is  acetic  acid.  Second  group  of  microorganisms,  described  as 
non-methanogenic,  consists  of  facultative  and  obligate  anaerobic 
bacteria  that  are  often  identified  in  the  literature  as  “acidogens” 
or  “acid  formers”.  Third  group  of  microorganisms  converts  the 
hydrogen  and  acetic  acid  formed  by  the  acid  formers  to  methane 
gas  and  carbon  dioxide  [28].  The  bacteria  responsible  for  this 


conversion  is  strict  anaerobes,  called  methanogenic,  and  are 
identified  in  the  literature  as  “methanogens”  or  “methane  for¬ 
mers”.  Many  methanogenic  organisms  identified  in  landfills  and 
anaerobic  digesters  are  similar  to  those  found  in  the  stomachs  of 
ruminant  animals  and  in  organic  sediments  of  lakes  and  rivers. 
The  most  important  bacteria  of  the  methanogenic  group  are  the 
ones  that  utilize  hydrogen  and  acetic  acid.  They  have  very  slow 
growth  rates;  as  a  result,  their  metabolism  is  usually  considered 
rate-limiting  in  the  anaerobic  treatment  of  an  organic  waste. 
Waste  stabilization  in  anaerobic  digestion  is  accomplished  when 
methane  and  carbon  dioxide  are  produced.  Methane  gas  is  highly 
insoluble,  and  its  departure  from  a  landfill  or  solution  represents 
actual  waste  stabilization  [28]. 

Under  standard  redox  potential  conditions,  whereby  acetogens 
and  methanogens  compete  for  substrates  and  the  reductive  synthesis 
of  acetate  from  C02  by  acetogenesis  is  thermodynamically  less 
favorable  than  methanogenesis.  Therefore,  it  has  been  found  that 
the  acetogens  are  capable  of  a  highly  diverse  range  of  metabolic 
transformations  [29].  In  general,  the  optimal  conditions  for  anaerobic 
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Fig.  2.  Anaerobic  digestion  process  according  to  operational  parameters  [23], 


Fig.  3.  Choice  of  feedstock  influenced  by  various  interrelated  factors  of  process  [44], 


digestion  of  organic  matter  are  near-neutral  pH,  constant  tempera¬ 
ture,  mesophilic  (30-40  °C)  or  thermophilic  (50-60  C),  and  a  rela¬ 
tively  consistent  feeding  rate.  However,  the  micro-organisms 
themselves  are  adapted  to  relatively  narrow  temperature  ranges. 
DAD  requires  attention  to  the  nutritional  needs  of  the  bacteria  to 
degrade  the  waste  substrates.  Imbalances  among  the  different 
microorganisms  can  develop,  if  conditions  are  not  maintained  near 
optimum.  The  most  important  nutrients  for  bacteria  are  carbon  and 
nitrogen,  but  these  two  elements  must  be  provided  in  the  proper 
ratio.  Otherwise,  ammonia  can  form  up  to  levels  that  can  inhibit 
the  microorganisms.  The  appropriate  carbon/nitrogen  (C/N)  ratio 
depends  on  the  digestibility  of  the  carbon  and  nitrogen  sources. 
The  most  common  result  of  imbalance  is  the  formation  of  organic 
acids,  which  suppresses  the  methanogenic  organisms.  Acid  forma¬ 
tion  is  usually  controlled  naturally  by  inherent  chemical  buffers  and 
by  the  methanogens  themselves  as  they  consume  acids  to  produce 
methane.  These  natural  controls  can  break  down,  if  too  much  feed  is 
added  or  organic  acids  are  produced  faster  than  they  are  consumed 
or  inhibitory  compounds  accumulate,  or  the  feed  stream  lacks 
natural  pH  buffers  such  as  carbonate  and  ammonium.  Solid  concen¬ 
trations  higher  than  about  40%  TS  can  also  result  in  process 
inhibition,  likely  due  to  the  reduced  contact  area  available  for  the 


microorganisms.  A  wide  variety  of  species  involved  in  the  process 
have  been  reported  in  literature  [28-32], 

Organic  materials  are  most  likely  decomposed  by  heterotrophic 
microorganisms  [33],  Clostridium  species  are  most  common  among 
the  degraders  under  anaerobic  condition  [34],  However,  it  is  very 
unusual  for  a  biological  treatment  to  rely  solely  on  a  single 
microbial  strain  and  generally  a  microbial  consortium  is  responsible 
for  the  anaerobic  digestion  process  [35].  Methanogens  play  an 
important  role  in  the  production  of  biogas  [36],  All  known  metha¬ 
nogens  express  the  methyl  coenzyme  M  reductase  (MCR)  that 
catalyzes  the  terminal  step  in  methane  production  during  the 
anaerobic  fermentation  of  biomass  [37],  Methanogenic  archaea 
(methanogens)  group  of  strictly  anaerobic  Euryarch-aeota  that 
convert  H2/C02,  formate,  methanol,  methylamines  and/or  acetate 
to  methane,  and  they  are  widely  distributed  in  anoxic  environments 
such  as  fresh  water  sediments,  paddy  fields,  landfills  sand  intestinal 
tracts  of  ruminants  and  termites  [38],  The  heterogeneous  nature  of 
the  substrate  in  DAD  systems  might  create  a  multiplicity  of  ideal 
micro-environments  for  the  growth  of  each  of  the  microbial 
families  required  to  complete  the  process.  Thus,  fermentation 
processes  that  are  well  understood  in  conventional  submerged 
culture,  behave  quite  differently  in  solid  condition  [39], 
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The  characterization  of  the  methanogenic  microbial  commu¬ 
nity  is  two-phase  leach-bed  biogas  reactor  system  operated  with 
plant  biomass  and  the  mesophilic-operated  digestion  system  was 
found  to  be  a  well-suited  method  for  the  methanization  of  triticale 
silage  [40],  The  methanogenic  archaea  diversity  of  a  biogas  reactor 
supplied  with  swine  feces  as  sole  substrate  under  mesophilic 
conditions  was  investigated  [41],  In  this  study,  they  found  that 
methanobacterial  instead  of  methanomicrobial  are  the  most  pre¬ 
dominant  methanogenic  archaea  in  the  biogas  reactor  fed  with 
swine  feces  as  sole  substrate.  A  group  of  microorganisms  such  as 
actinomyces,  Thermomonospora,  Ralstonia  and  Shewanella  are 
involved  in  the  degradation  of  food  waste  into  volatile  fatty  acids, 
whereas  Methanosarcina  and  Methanobrevibacter/  Methanobacter- 
ium  mainly  contribute  in  methane  production  [42],  High  concen¬ 
tration  of  organic  acid  like  acetic  acid  (  >  5000  mg/L)  and  butyric 
acid  (  >  3000  mg/L)  in  the  biodigester  has  been  found  to  inhibit 
the  growth  of  microorganisms  [43], 

3.2.  Feedstock 

This  section  covers  the  main  issues  relating  to  feedstock  for 
anaerobic  digestion,  including  choice  of  feedstock,  maintaining 
quantity  and  quality.  The  nature  and  potential  sources  of  feedstock 
in  an  interaction  with  other  parameters  are  also  covered.  Fig.  3 
illustrates  the  influence  of  various  interrelated  process  factors  on 
feedstock  choice.  Anaerobic  digestion  is  capable  of  recovering 
renewable  energy  from  a  wide  range  of  feedstock.  The  feedstock 
needs  to  be:  (i)  biodegradable  -  as  is  the  case  for  most  organic 
matter;  (ii)  non  woody  -  feedstock  with  a  high  proportion  of 
lignocellulosic  material  (iii)  balanced  in  macro  and  micro  nutrients 


Fig.  4.  Sources  of  eligible  feedstock  for  anaerobic  digestion  [44], 


-  as  is  the  case  for  most  waste  derived  organic  matter.  Therefore, 
feedstock  can  range  from  readily  degradable  wastewater  to  com¬ 
plex  high-solid  waste.  Even  toxic  compounds  may  be  degraded 
anaerobically  depending  on  the  technology  applied.  One  impor¬ 
tant  requirement  is  that  a  particular  waste/wastewater  containing 
a  substantial  amount  of  organic  matter  should  finally  be  converted 
into  main  products  such  as,  methane  and  C02.  Fig.  4  shows  the 
sources  of  eligible  feedstocks  available  on  this  earth.  Fig.  5  shows 
an  overview  of  the  various  feedstocks  assigned  to  the  different 
eligible  sources  [44], 

In  general,  animal  manure,  sewage  sludge,  and  food  waste  [45] 
are  generally  treated  by  liquid/wet  AD,  while  organic  fractions  of 
municipal  solid  waste  (OFMSW)  [46]  and  lignocellulosic  biomass 
such  as  crop  residues  and  energy  crops  can  be  processed  through 
solid  substrate/dry  AD.  Agriculture  accounts  for  the  largest  poten¬ 
tial  feedstock  and  most  current  applications.  It  mainly  includes 
agro-industrial  wastes,  namely  animal  farm  wastes,  agricultural 
wastes  and  industrial  wastes  associated  with  agriculture  and  food 
production.  Table  2  is  showing  the  characteristics  and  operational 
parameters  of  the  most  important  agricultural  feedstocks  [47], 

Most  of  the  agriculture  wastes/crop  residues  rich  in  carbohy¬ 
drate,  which  exist  mostly  as  the  polysaccharides  cellulose  and 
hemicelluloses,  are  not  readily  available  for  immediate  fermenta¬ 
tion.  Cellulose,  hemicelluloses,  and  lignin  are  covalently  linked 
with  each  other  which  protect  the  potentially  available  carbohy¬ 
drates  from  degradation.  Therefore,  pretreatment  is  required  for 
the  utilization  of  carbohydrates  in  lignocellulosic  biomass  [48,49], 
Over  the  years,  a  number  of  different  methods,  including  dilute 
acid  [50],  steam  explosion  [51],  lime  [52]  and  ammonia  [53,54] 
have  been  developed  for  the  pretreatment  of  lignocellulosic 
biomass.  The  main  purpose  of  pretreatment  is  to  remove  or 
decrease  the  crystallinity  of  cellulose,  and  increase  the  surface 
area  for  microbial  action  [55], 

Liew  et  al.  [56]  worked  on  the  methane  production  from  fallen 
leaves  as  a  feedstock  through  simultaneous  alkali  treatment  in 
DAD.  They  found  that  sodium  hydroxide  (NaOH)  plays  very 
important  role  in  the  delignification  of  lignocellulosic  biomass 
and  also  by  increasing  the  alkalinity  the  buffering  capacity  of  DAD 
increases.  The  methane  yield  was  found  to  be  highest  i.e.  82  L/kg 
volatile  solids  (VS)  at  NaOH  loading  of  3.5%  and  substrate-to- 
inoculum  (S/I)  ratio  of  4:1.  However,  at  S/I  ratio  of  6:2  with  NaOH 
loading  of  3.5%  methane  yield  could  be  increased  and  was  found  to 
be  the  maximum.  Also,  reduction  of  about  35%  in  biogas  yield  was 
found  at  S/I  ratio  of  6:2  and  NaOH  loading  of  3.5%  when  the  TS 
content  increases  from  20%  to  26%.  Teater  et  al.  [57]  studied  the 
most  suitable  pretreatment  conditions  to  convert  AD  fiber  into 
ethanol  by  an  alkali  pretreatment  of  AD  fiber.  The  main  objective 
of  the  study  was  to  compare  the  suitability  of  AD  fiber  from  a 


Fig.  5.  Categorization  of  various  feedstocks  from  different  sources  [47], 


Table  2 

Characteristics  and  operational  parameters  of  important  agricultural  feedstock  [47]. 


Feedstock 

Total  solids  TS 

(%) 

Volatile  solids  (%  of 
TS) 

C:N 

ratio 

Biogas  yield 
(m3  kg-1  VS)C 

Retention  time 

(d) 

ch4 

content 

Unwanted  substances 

Inhibiting  sunstances 

Frequent  problems 

Pig  slurry 

3-8d 

70-80 

3-10 

0.25-0.50 

20-40 

70-80 

Wood  shavings,  bristles,  H20,  sand,  cords, 
straw 

Antibiotics, 

disinfectants 

Scum  layers,  sediments 

Cow  slurry 

5-12d 

75-85 

6-20c1 

0.20-0.30 

20-30 

55-75 

Bristles,  soil,  H20,  NH^,  straw,  wood 

Antibiotics, 

disinfectants 

Scum  layers,  poor  biogas  yield 

Chicken 

slurry 

10-301' 

70-80 

3-10 

0.35-0.60 

>30 

60-80 

NH^,  grit,  sand,  feathers 

Antibiotics, 

disinfectants 

NH^~  -inhibition,  scum  layers 

Whey 

1-5 

n.a. 

80-95 

0.80-0.95 

3-10 

60-80 

Transportation  impurities 

pH-reduction 

Ferment. 

1-5 

80-95 

4-10 

0.35-0.55 

3-10 

55-75 

Undegradable  fruit  remains 

High  acid  cone.,  VFA-inhibition 

slops 

Leaves 

80 

90 

30-80 

0.10-0.30b 

8-20 

n.a. 

Soil 

Pesticides 

Wood 

80 

95 

511 

n.a. 

n.a. 

n.a. 

Unwanted  material 

Mechanical  problems 

shavings 

Straw 

70 

90 

90 

0.35-0.45e 

10-50e 

n.a. 

Sand,  grit 

Scum  layers,  poor  digestion 

Wood  wastes 

60-70 

99.6 

723 

n.a. 

oo 

n.a. 

Unwanted  material 

Poor  anaerobic  biodegradation 

Garden 

wastes 

60-70 

90 

100- 

150 

0.20-0.50 

8-30 

n.a. 

Soil,  cellulosic  component 

Pesticides 

Poor  innoculu.  of  cellulosic 
comp. 

Grass 

20-25 

90 

12-25 

0.55 

10 

n.a. 

Grit 

Pesticides 

pH-reduction 

Grass  silage 

15-25 

90 

10-25 

0.56 

10 

n.a. 

Grit 

pH-reduction 

Fruit  wastes 

15-20 

75 

35 

0.25-0.50 

8-20 

n.a. 

Undegradable  fruit  remains, 

grit  Pesticides 

pH-reduction 

Food  remains 

10 

80 

n.a. 

0.50-0.60 

10-20 

70-80 

Bones,  plastic  material 

Disinfectants 

Sediments,  mechanical 
problems 

n.a.  -  not  available. 

a  Depending  on  straw  addition. 
b  Depending  on  drying  rate. 
c  Depending  on  retention  time. 
d  Depending  on  dilution. 
e  Depending  on  particle  size. 
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completely  stirred  tank  reactor  (CSTR)  for  ethanol  production  from 
switchgrass  and  corn  stover.  The  cellulose  utilization  efficiencies 
determined  in  the  study  showed  that  AD  fiber  with  CSTR  was  a 
more  suitable  biorefining  feedstock  compared  to  the  switch  grass 
and  corn  stover. 

Chanakya  et  al.  [58]  optimized  the  design  parameters  for  DAD 
using  six  different  types  of  commonly  available  fresh  and  dry 
feedstocks  for  their  decomposition  pattern  and  methanogenic 
activities.  They  suggested  to  use  the  mixed  biomass  feed-stock 
comprising  of  fresh  and  dry  biomass  for  stable  biogas  production 
with  high  conversion  efficiency  and  yield.  Dry  anaerobic  fermen¬ 
tation  of  energy  crops  from  agriculture  sector  also  offers  some 
attractive  advantages  in  DAD  process.  But,  after  extensive  litera¬ 
ture  search,  little  information  was  found,  which  needs  further 
research  and  development.  However,  currently  energy  crops  for 
anaerobic  digestion  have  not  reached  at  the  significant  findings.  In 
some  cases,  investigations  have  been  reported  using  pretreated 
plant  biomass  (i.e.  silage)  for  anaerobic  digestion  in  farm  digesters. 
On  the  other  hand,  feedstocks  from  community  category  such  as 
food  waste  (FW)  and  organic  fractions  of  municipal  solid  waste 
(OFMSW)  are  also  important  for  the  DAD  process.  Kim  and  Oh  [59] 
compared  two  different  dry  anaerobic  co-digestion  systems  on 
different  mixtures  of  OSW  under  mesophilic  conditions;  a  sche¬ 
matic  of  the  DAD  system  is  given  in  Fig.  6.  Reactor  I  was  fed  with 
food  waste  (FW)  and  paper  waste  (PW);  the  maximum  treatability 
was  found  to  be  at  hydraulic  retention  time  (HRT)  of  40  d  and  solid 
content  of  40%  TS.  The  biogas  production  rate  (BPR),  CH4  produc¬ 
tion  yield  (MPY)  and  VS  reduction  achieved  in  this  condition  were 
found  to  be  5.0  m3/m3/d,  0.25  m3  CH4/g  COD  added,  and  80%, 
respectively. 

Reactor  II  was  fed  with  FW  and  livestock  waste  (LW),  and  LW 
content  was  increased  during  the  operation.  Until  a  40%  LW 
content  increase,  reactor  II  exhibited  a  stable  performance.  A 
BPR  of  1.7  m3/m3/d,  MPY  of  0.26  m3  CH4/g  COD  added,  and  VS 
reduction  of  72%  were  achieved  at  40%  LW  content. 

According  to  the  US  EPA  survey,  2002,  United  States-Americans 
throw  away  about  43.6  million  tons  of  food  each  year  and  it  includes 
uneaten  food  and  food  preparation  leftovers  from  residences,  com¬ 
mercial  establishments  such  as  restaurants,  institutional  sources  like 
school  cafeterias,  and  industrial  sources  like  factory  lunchrooms  [60], 
Similarly,  according  to  a  report  published  by  California  Integrated 


Fig.  6.  Schematic  of  anaerobic  dry  digestion  system  [59], 


Table  3 

Biogas  production  and  energy  output  potential  per  ton  of  fresh  feedstocks  [64], 


Feedstock 

Number  of 
animals  to 
produce  1  t/d 

Dry  matter 
content  (%) 

Biogas  yield  (m3/ 
t  feed-stock)a 

Energy 
value  (MJ / 
m3  biogas)d 

Cattle  dungb 

20-40 

12 

25 

23-25 

Pig  slurry 

250-300 

9 

26 

21-25 

Laying  hen 
litter0 

8000-9000 

30 

90-150 

23-27 

Broiler 

manure 

10,000-15,000 

60 

50-100 

21-23 

Food 

processing 

waste 

15 

46 

21-25 

a  Indicative  values  have  been  taken. 
b  Cattle  slurry  covers  both  dairy  and  beef  cattle. 

c  Poultry  manures  are  highly  susceptible  for  ageing  and  should  be  used  as  fresh 
as  possible. 

d  1  m3  of  biogas  (at  an  assumed  20  MJ/m3)  would  give  the  following: 

•  electricity  only  -  1.7  kWh  of  electricity  (assumed  conversion  efficiency  30%), 

•  heat  only  -  2.5  kWh  of  heat  (assumed  conversion  efficiency  70%), 

•  combined  heat  and  power  -  1.7  kWh  of  electricity  and  2  kWh  of  heat. 


Waste  Management  Board,  the  amount  of  food  waste  generated  in 
California  was  estimated  to  be  5.6  million  wet  tons  per  year  or 
2.2  million  dry  tons  per  year  in  1999  [61,62]. 

Zhang  et  al.  [63]  studied  the  foodwaste  characterstics  for 
assessing  their  potential  as  a  feedstock  for  a  thermophilic  anaerobic 
digester  and  to  determine  the  overall  variability  and  consistency  of 
this  material  over  time.  They  analyzed  the  nutrient  contents  of  food 
waste  that  was  found  to  be  suitable  for  anaerobic  digestion.  On 
average,  food  waste  had  C/N  ratio  of  14.8.  The  results  of  the 
anaerobic  digestion  tests  showed  that  food  waste  had  average 
methane  yields  of  435  mL/g  VS  after  28  days  of  digestion  at 
50  +  2  °C.  About  80%  of  the  methane  yield  was  obtained  after  the 
first  10  days  of  digestion,  giving  a  methane  yield  of  348  mL/g  VS. 
The  methane  accounted  for  73%  of  the  biogas  produced.  Lissens 
et  al.  [64]  studied  the  co-digestion  of  70%  food  waste,  20%  fecal 
matter,  and  10%  green  algae  at  39  °C,  and  a  biogas  yield  of  up  to  90% 
was  obtained.  In  the  year  2008,  in  South  Korea,  the  generation  of 
FW  increased  and  reached  15,142  t/d,  which  accounts  for  40.7%  of 
total  MSW.  Singh  et  al.  [26]  studied  the  possibilities  of  energy 
generation  from  MSW  in  Indian  context  with  special  references  to 
the  current  technologies.  Different  feedstocks  produce  different 
amounts  of  gas:  1 1  of  cattle  manure  will  not  produce  the  same  as 
that  by  1  t  of  chicken  manure.  The  gas  production  performances  of 
different  feedstocks  are  given  in  Table  3. 

Different  feedstocks  require  different  loading  systems,  depend¬ 
ing  on  the  consistency  of  the  feedstock  (i.e.  type  of  waste).  Hence, 
pre-treatments  and  co-digestion  such  as  separation  of  non- 
degradable  materials  (e.g  bricks,  sand,  grit  and  long  straw),  adding 
of  water,  or  removal  of  water  have  been  suggested  in  the  literature 
[45].  In  general,  it  is  not  advisable  to  add  water  as  more  energy 
would  be  required  for  the  processing  of  diluted  feedstock.  How¬ 
ever,  water  may  be  required  for  conditioning  of  waste,  homo¬ 
geneity  of  material  and  stirring  of  material.  During  the  last  decade, 
numerous  non-agricultural  organic  wastes  have  been  introduced 
for  harvesting  through  co-digestion.  The  feedstocks  derived 
mainly  from  agro-  and  food  industries  as  well  as  from  munici¬ 
palities  (biogenic  wastes)  are  easily  available  for  co-digestion.  The 
quality  of  the  feedstock  in  terms  of  its  gas  yield  partially  depends 
on  its  freshness.  An  acidic  feedstock  may  inhibit  microbial  acti¬ 
vity  in  the  digester.  Ideally,  the  pH  range  in  the  digester  should  be 
6.8-8.  Moreover,  the  feedstock  also  dictates  the  quality  of  the 
products  such  as  biogas,  digested  sludge  and  the  necessity  of  effluent 
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post-treatment  at  the  end  of  the  digestion  process.  Since  the  final 
products  of  the  anaerobic  digestion  are  further  processed  to  thermal 
and  electrical  energy  (biogas)  and  soil  conditioners  (digested  sludge), 
a  comprehensive  assessment  of  the  composition  and  purity  of  the 
feedstock  is  required  [47]. 

4.  Process  parameters 

The  formation  of  methane  is  influenced  by  a  number  of 
parameters,  such  as  temperature,  type  of  feedstock,  pH  level, 
retention  time,  C/N  ratio,  etc.  The  maximum  production  takes 
place  when  these  parameters  are  chosen  in  the  optimum  range. 
The  optimized  range  of  some  of  these  parameters  is  discussed  in 
this  section. 


Fig.  7.  Process  efficiency  relation  with  temperature  variation  [69], 


4.2.  Temperature 

The  formation  of  methane  occurs  over  a  broad  range  of 
temperatures  from  low  temperature,  e.g.  sewage  in  the  arctic,  to 
high  temperature  over  100  °C.  Three  different  temperature  ranges 
for  methane  formation  [65]  have  been  defined  on  the  basis  of 
microbial  activity  as  given  below: 

•  psychrophilic  temperature  (or  cryophilic)  from  10  to  20  °C; 

•  mesophilic  temperature  from  20  to  45  C,  usually  35  °C; 

•  thermophilic  temperature  from  50  to  65  °C,  usually  55  °C. 


Psychrophilic  digesters  were  more  popular  than  others  in  late 
1980s  when  the  biogas  was  used  for  heating  purposes.  At  23  °C, 
the  net  heat  production  was  higher  than  that  of  mesophilic 
digesters  [66],  However,  no  anaerobic  psychrophilic  bacteria  have 
been  found  at  temperature  below  20  °C.  Nowadays,  mesophilic 
digesters  are  the  most  popular;  however,  thermophilic  conditions 
are  applied  in  most  of  the  large-scale  centralized  biogas  co¬ 
digesters.  Depending  on  the  feedstock  composition  and  the  type 
of  reactor,  optimum  temperature  of  digestion  varies;  however  it 
should  be  maintained  at  an  approximately  constant  level  for 
maximum  gas  production  rate.  In  the  literature  [67,68],  a  number 
of  mesophilic  and  thermophilic  anaerobic  bacteria  are  described 
i.e.  in  the  temperature  range  between  28  °C  and  42  °C  and 
between  55  °C  and  72  °C,  respectively  (Fig.  7).  It  has  been  found 
that  the  thermophilic  digesters  have  lower  retention  time,  which 
is  due  to  high  catalytic  activity  of  thermophiles  [67],  Thermophiles 
also  provide  the  added  benefit  in  terms  of  low  contamination. 

The  effect  of  six  different  inoculum  sources  on  anaerobic 
thermophilic  digestion  of  separately  collected  organic  fraction  of 
municipal  solid  wastes  (SCOFMSW)  was  studied  by  Forster- 
Carneiro  et  al.  [69],  In  the  study,  sludge  was  found  to  be  the  most 
appropriate  inoculum  source  for  anaerobic  thermophilic  digestion 
of  the  treatment  of  OFMSW  under  dry  conditions  (30%  TS)  at  55  °C 
and  cattle  was  found  to  be  the  worst  inoculum  source  with  respect 
to  methane  yield  and  organic  matter  removal.  Mashad  et  al.  [70] 


Fig.  8.  Proposed  MSW  treatment  based  on  water  separation  technology  [74], 
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studied  the  effect  of  temperature  variations  on  the  anaerobic 
digestion  of  cattle  manure  and  found  that  the  biogas  yield  of 
anaerobic  digestion  of  OFMSW  under  thermophilic  conditions  is 
much  higher  than  that  from  mesophilic  conditions. 

Zeemann  et  al.  [71]  adapted  the  mesophilic  bacteria  to  lower  or 
higher  temperatures  and  found  that  there  is  slow  adaptation  of 
mesophilic  bacteria  to  lower  temperatures.  The  change  from 
mesophilic  to  thermophilic  temperatures  or  vice  versa  is  very 
common  in  animal  waste  digesters.  However,  in  case  of  meso- 
philes  it  might  take  months  of  time  to  be  adapted  for  psychrophilic 
temperatures  [72].  From  the  observations,  it  was  also  found  that 
the  gas  production  of  mesophilic  digestion  is  always  greater  than 
that  of  psychrophilic  digestion  by  30%  for  cattle  manure  [72]  and 
22%  for  sewage  sludge.  Fdez.-Giielfo  et  al.  [73]  carried  out  a 
number  of  experiments  to  find  out  the  effect  of  solid  retention 
time  (SRT)  by  varying  SRT  from  8  to  40  days,  for  the  anaerobic 
digestion  of  OFMSW  under  dry  (30%  TS)  thermophilic  (55  °C) 
conditions  and  found  15  days  of  optimum  SRT. 

Dong  et  al.  [74]  studied  the  feasibility  of  anaerobic  digestion  of 
water  sorted  organic  fraction  of  municipal  solid  waste  (WS- 
OFMSW).  The  proposed  layout  of  the  MSW  treatment  based  on 
water  separation  technology  has  been  illustrated  in  Fig.  8.  Three 
wastes  of  different  total  solid  contents  (TS=  16.0%,  13.5%  and  11.0%) 
were  selected  and  digestion  was  carried  out  in  a  group  of  bench- 
scale  (35  L)  reactors  at  30  +  2  C.  In  the  study,  it  was  found  that  the 
biodegradability  of  OFMSW  was  better  than  that  of  both  WS- 
OFMSW  and  mechanically  sorted  OFMSW.  However,  WS-OFMSW 
with  VS/TS  of  61.6%  was  better  than  the  mechanically  sorted 
OFMSW.  Shu-guang  et  al.  [75]  performed  dry  mesophilic  and 
thermophilic  digestions  of  organic  solid  waste  for  6  weeks  and 
found  that  the  DAD  under  thermophilic  conditions  shows  better 
start-up  performance  than  that  from  the  mesophilic  conditions. 

Hartmann  and  Ahring  [76]  applied  different  strategies  of  AD  of 
OFMSW  and  found  that  the  thermophilic  process  for  treating 
OFMSW  under  DAD  is  a  more  reliable  option  than  the  mesophilic 
process.  It  also  presents  growth  of  pathogens.  Hartmann  and 
Ahring  [77]  also  performed  co-digestion  of  manure  under  DAD 
of  OFMSW  under  thermophilic  conditions  and  found  a  better 
option  for  digestion.  Bolzonella  et  al.  [78]  studied  thermophilic 
semi-dry  anaerobic  digestion  of  OFMSW  in  a  pilot  scale.  They 
found  that  the  environment  in  the  reactor  can  be  easily  changed 
from  mesophilic  (37  °C)  to  thermophilic  (55  °C)  in  a  short  time 
with  interruption  of  feeding  for  a  few  days.  The  possibility  of 
having  a  short  start-up  phase  to  reach  the  thermophilic  conditions 
with  a  mesophilic  inoculum  has  also  been  confirmed  in  industrial 
scale.  Digestion  of  organic  urban  wastes  using  thermophilic  and 
mesophilic  processes  has  also  been  studied  by  researchers  and 
they  found  that  the  thermophilic  process  is  a  more  realistic  and 
viable  option  [79-82],  The  added  amount  of  heat  required  for 
thermophilic  operations  can  be  offset  by  the  higher  gas  production 
yields  and  rates  [82]. 

4.2.  Carbon  to  nitrogen  ratio  (C/N) 

The  C/N  ratio  represents  the  relationship  between  the  amount 
of  carbon  and  nitrogen  in  the  organic  materials.  C/N  ratio  for 
suitable  anaerobic  digestion  should  be  neither  high  nor  low  [83], 
In  case  of  a  high  C/N  ratio  the  methanogens  consume  nitrogen 
rapidly,  which  results  in  lower  gas  yield.  On  the  other  hand  a 
lower  C/N  ratio  causes  ammonia  accumulation  and  pH  values 
exceeding  8.5,  which  is  toxic  to  methanogenic  bacteria.  According 
to  Weiland  [84],  C/N  ratio  in  the  range  of  20-30  is  the  best  for  a 
process  with  high  gas  yield.  Parkin  and  Owen  [82]  and  Pang  et  al. 
[85]  also  found  optimum  C/N  ratios  in  AD  between  20  and  30  with 
an  optimal  ratio  of  25.  However,  optimal  C/N  ratio  is  a  function  of 
the  type  of  feedstock  and  varies  with  type  of  feedstock.  Optimum 


C/N  ratio  of  the  materials  can  be  maintained  by  mixing  materials 
of  high  and  low  C/N  ratio;  e.g.  organic  solid  waste  can  be  mixed 
with  sewage  or  animal  manure.  However,  C/N  ratio  ranging  from 
22  to  25  is  the  most  suitable  for  anaerobic  digestion  of  fruit  and 
vegetable  waste  [86],  On  the  other  hand,  Romano  and  Zhang  [87] 
suggested  that  the  optimal  C/N  ratio  of  onion  juice  and  digested 
sludge  should  be  maintained  at  15.  Zhu  and  Li  [88]  studied  DAD  of 
organic  wastes  and  found  C/N  ratio  between  15  and  18,  when  corn 
stover  was  inoculated  with  digested  sewage  sludge.  The  digestion 
rate  decreased  when  C/N  ratio  increased  to  21  or  higher  due  to 
decrease  in  pH  in  the  first  7  d  at  37  °C.  Yen  and  Chiu  [83]  balanced 
high  nitrogen  concentration  of  algal  sludge  by  using  waste  paper 
to  the  optimal  C/N  ratio  for  co-digestion  between  20  and  25. 

4.3.  pH  level 

The  pH  value  is  a  measurement  of  acid  concentration  in 
aqueous  systems  i.e.  the  concentration  of  hydrogen  ions.  Anaero¬ 
bic  bacteria,  specially  the  methanogens,  are  sensitive  to  the  acid 
concentration  in  the  digester  and  their  growth  can  be  inhibited  by 
acidic  conditions.  Many  researchers  have  optimized  the  pH  values 
for  different  stages  of  AD  viz.  hydrolysis,  acidogenesis  and  metha- 
nogenesis.  According  to  Huber  et  al.  [89]  and  Yang  and  Okos  [90], 
the  optimum  pH  value  for  methanogenesis  was  found  to  be 
around  7.0.  The  pH  values  differ  for  each  step  during  the  digestion 
i.e.  pH  levels  for  processes  of  acidification  and  methanogenes  are 
different  for  each  step.  Lee  et  al.  [91  ]  found  the  optimum  range 
of  pH  for  methanogenesis  in  AD  to  be  6.5-8.2.  However,  Kim  et  al. 
[92]  reported  the  pH  value  at  5.5  and  6.5  respectively,  for 
hydrolysis  and  acidogenesis.  The  pH  of  digestate  varies  with 
retention  time.  The  initial  step,  acetogenesnis  process  in  a  batch 
reactor,  occurs  at  a  rapid  pace.  pH  value  goes  below  5  in  the 
acetogenesis  process  due  to  accumulation  of  large  amounts  of 
organic  acids.  Park  et  al.  [93]  studied  different  operational  para¬ 
meters  in  thermophilic  acid  fermentation  of  kitchen  waste  and 
found  the  optimum  range  of  pH  for  thermophilic  acidogens  as  6-7. 
The  methanogens  are  sensitive  to  acid  condition;  therefore  exces¬ 
sive  accumulation  of  acid  should  be  avoided.  According  to  Liu  et  al. 
[94],  maximal  biogas  yield  in  anaerobic  digestion  is  found  to  be  in 
the  pH  range  of  6.5-7.5.  However,  pH  reduction  can  be  controlled 
by  adding  lime  or  recycled  filtrate  obtained  during  residue  treat¬ 
ment.  Increase  in  concentration  of  ammonia  in  the  digestate 
increases  the  pH  value  above  8  and  indicates  the  methanogenesis 
stage  of  digestion.  Agdag  and  Sponza  [95]  reported  a  very  narrow 
range  of  suitable  pH  (7.0-7.2)  in  the  industrial  sludge  during  the 
last  50  days  of  anaerobic  incubation.  Similarly,  Ward  et  al.  [96] 
found  that  the  suitable  range  of  pH  for  AD  was  6.8-7.2. 

4.4.  Retention  time 

The  retention  time  (RT)  is  defined  as  time  required  for  the 
complete  degradation  of  the  organic  matter  or  it  may  be  defined  as 
the  average  time  the  organic  matter  remains  in  a  digester.  It  is 
defined  by 

RT  =  liquid  volume /daily  flow  (19) 

The  RT  for  completion  of  the  anaerobic  digestion  reactions 
varies  with  process  parameters  such  as  temperature  and  waste 
composition.  The  RT  for  biomass  digestion  in  mesophilic  condition 
varies  from  10  to  40  days.  However,  RT  in  thermophilc  condition  is 
found  to  be  lower.  A  high  solids  reactor  operating  in  the  thermo¬ 
philic  range  has  a  retention  time  of  14  days.  RT  is  directly 
proportional  to  the  degradation  rate;  lower  the  degradation  rate, 
higher  the  RT  [97].  Schaefer  [98]  and  Schaefer  and  Sung  [99]  have 
studied  a  thin  corn  stillage  (94gTCOD/L  and  61gTS/L)  in  a 
completely  mixed  thermophilic  digester  at  different  hydraulic 
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Fig.  9.  Biogas  yield  as  a  function  of  organic  loading 
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rate  [76]. 


Table  4 

Comparison  of  process  weaknesses  and  strengths  of  various  reactors  [104]. 


System 

Strengths 

Weaknesses 

One  stage  versus  two  stages 

One  stage 

Simpler  design,  less  technical  failure,  low  cost 

Higher  retention  time 

digesters 

Efficient  substrate  degradation  owing  to  recirculation  of 
digestate 

Foam  and  scum  formation 

Constant  feeding  rate  to  second  stage,  more  robust  process 

Complex  and  expensive  to  build  and  maintain 

Two  stages 

Less  susceptible  to  failure 

Solid  particles  need  to  be  removed  from  second 
stage 

Dry  versus  wet 

Dry 

Higher  biomass  retention 

Complex  handling  of  feedstock 

Digesters 

Controlled  feeding 

Mostly  structured  substrates  are  used 

Simpler  pretreatment 

Low  parasitic  energy  demands 

Material  handling  and  mixing  are  difficult 

Wet 

Good  operating  history 

Scum  formation 

Degree  of  process  control  is  higher 

High  consumption  of  water  and  energy 
Short-circuiting 

Sensitive  to  shock  loads. 

Batch  versus  continuous 

Batch 

No  mixing,  stirring  or  pumping,  low  input  process 

Channeling  and  clogging 

digesters 

and  mechanical  needs,  cost-effective 

Larger  volume 

Lower  biogas  yield 

Continuous 

Simplicity  in  design  and  operation 

Rapid  acidification 

Low  capital  costs 

Large  VFA( volatile  fatty  acid)  formation 

High  rate  bio-reactors 

Higher  biomass  retention 

Large  start  up  times 

Controlled  feeding 

Lower  investment  cost 

No  support  material  is  needed 

Channeling  at  low  feeding  rates 

retention  times  (HRTs)  i.e.  30,  20,  15  and  12  days  at  different 
volumetric  organic  loadings  rates  (OLRs)  of  3.2,  6.1,  6.4  and 
7.6  g  TCOD/L-day,  respectively.  Steady  state  was  found  to  be  at 
HRTs  of  30,  20  and  15  days.  However  reactors  were  found  to  be 
inactive  after  a  week  of  operation  at  HRT  of  12  days  with  total 
volatile  fatty  acids  (TVFAs)  of  7  g/L.  Pig  manure  contains  high  fat 
content  whereas  cattle  manure  contains  comparably  high  cellulose 
and  days  hemi-cellulose  contents.  It  is  observed  that  the  digestion 
of  pig  manure  requires  lower  RT  than  that  of  cattle  manure. 
Average  RTs  in  mesophilic  digestion  were  found  to  be  12-18  days 


for  cattle  manure,  18-36  days  for  cattle  manure  with  straw 
bedding  and  10-15  days  for  pig  manure  [97], 


4.5.  Organic  loading  rate 

Organic  loading  rate  (OLR)  is  defined  as  the  capacity  of  AD 
system  for  the  biological  conversion  or  the  feeding  amount  of 
organic  material  (expressed  as  COD  or  volatile  solids  (VS))  to  the 
system  daily  per  m3  of  digester  volume.  For  agricultural  digesters 
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it  can  be  written  as 

daily  flow  x  VS  concentration 

0LR  = - liquid  volume -  (20) 

Gas  production  in  the  digester  depends  on  OLR.  If  feeding  in  the 
system  is  above  the  suitable  OLR,  the  gas  production  may  decrease. 
This  may  be  due  to  accumulation  of  the  inhibiting  substances  such  as 
fatty  acids  in  the  digester  slurry.  Thus,  OLR  is  a  veiy  important 
controlling  parameter  in  continuous  systems.  Due  to  overloading 
many  plants  have  faced  system  failures  [98,99],  On  the  basis  of  solid 
content,  AD  system  can  be  classified  mainly  into  three  categories: 
low  solids  (LS)  AD  systems  contain  less  than  15%  TS;  medium  solids 
(MS)  -  about  15-20%  TS;  high  solids  (HS)  processes  -  20-40%  TS 
range  [100,101],  Fernandez  et  al.  [102]  optimized  OLR  for  mesophilic 
systems  and  found  the  values  to  be  2.5-3.5  kg  VS/m3-day  for  cattle 
manure,  5.0-7.0  kg  VS/m3-day  for  cattle  manure  with  co-substrates 
and  3.0-3.5  kg  VS/m3-day  for  pig  manure.  A  large  number  of 
laboratory-,  pilot-,  and  full  scale  studies  for  the  average  biogas  yield 
at  a  given  OLR  are  shown  in  Fig.  9  by  Hartmann  and  Ahring  [76], 


5.  Type  of  reactors 

In  this  section  the  existing  and  emerging  DAD  systems  for  a 
variety  of  reactors  used  in  laboratory  and  commercial  level  are 
reviewed.  Reactors  can  be  classified  into  following  categories: 

•  single  stage, 

•  multi-stage, 

•  batch  and  continuous  process. 

In  the  DAD  process,  batch  and  continuous  reactors  are  generally 
used.  Single  stage  process  is  traditional  and  a  multi-stage  process 
has  been  developed  based  on  the  separation  of  phases  in  the 
reactor.  Both  single  and  multi  stage-processes  can  be  conducted  in 


batch  or  in  continuous  flow  fermentation.  The  single  stage  and  the 
multi-stage  systems  can  be  further  categorized  as  follows  [103]: 

single  stage 

•  single  stage  low  solids  (SSLS), 

•  single  stage  high  solids  (SSHS); 

multi-stage 

•  multi-stage  low  solids  (MSLS), 

•  multi-stage  high  solids  (MSHS). 

Content  of  solid  in  the  reactor  affects  the  reactor  volume  and 
treatment  process.  Due  to  low  content  of  water  in  high  solid  (HS) 
systems  they  require  a  smaller  reactor  volume  per  unit  of 
production  but  this  is  counterbalanced  by  the  more  expensive 
equipment  like  pumps,  etc.  required.  It  is  found  that  HS  reactors 
have  high  OLR  and  are  more  robust  in  nature.  Low  solid  (LS) 
systems  contain  less  than  10%  of  solid  and  large  amount  of  water 
so  that  they  require  high  reactor  volume  and  expensive  post¬ 
treatment  technology.  Weakness  and  strengths  of  different  types 
of  reactors  are  given  in  Table  4  [104].  The  expensive  post¬ 
treatment  is  due  to  dewatering  required  at  the  end  of  the  digestion 
process.  In  the  1980s,  it  was  found  that,  most  of  the  AD  plants 
were  using  low  solids  processes  but  during  the  last  decade  high 
solids  processes  have  increased  appreciably  [102],  Different  diges¬ 
ter  configurations  for  high  solid  content  feedstock  are  compared  in 
Table  5. 

5.3.  Single  stage  process 

In  single  stage  processes  both  acidogenic  phase  and  methano- 
genic  phase  are  used  in  one  reactor.  These  could  be  LS  or  HS 
depending  on  the  total  solids  content  in  a  reactor.  As  discussed 
above  single  and  multi-stage  processes  are  of  two  kinds,  but  here 


Table  5 

Comparison  of  different  reactor  configurations  for  high  solid  content  feedstock  [104]. 


Criteria 

One  stage  versus  two  stages  digesters 

Dry  versus  wet  digesters 

Batch  versus  continuous 
digesters 

High-rate  bio-reactors 

One-stage 

Two-stage 

Dry 

Wet 

Batch 

Continuous 

Bio-gas  production 

Irregular  and  discontinuous 

Higher  and  stable 

Higher 

Less  and  irregular 

Irregular  and 
discontinuous 

Continuous 

Continuous 
and  higher 

Solid  content  (%) 

10-40 

2-40 

20-50 

2-12 

25-40 

2-15 

<4-15 

Cost 

Less 

More 

Less 

More 

Less 

More 

More 

Volatile  solid  destruction 

Low-high 

High 

40-70% 

40-75% 

40-70% 

40-75% 

75-98% 

HRT  (d) 

10-60 

10-15 

14-60 

25-60 

30-60 

30-60 

0.5-12 

OLR  (kg  VS  m~3  d-1) 

0.7-15 

10-15  for  second  stage 

12-15 

<5 

12-15 

0.7- 1.4 

10-15 

Dranco 

Biogas 


Kompogas 

Biogas 


Vfllpiga 


Paste 


Fig.  10.  Different  types  of  SSHS  reactor  designs  [104]. 
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Fig.  11.  Principle  diagram  of  the  Dranco  process  [107], 
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Fig.  12.  Principle  diagram  of  the  Valorga  process  [107], 


only  high  solid  processes  will  be  discussed  as  the  paper  deals  with 
the  DAD  processes  only. 


5.1.1.  Single-stage  high  solids  (SSHS)  process 

Most  of  the  research  in  HS  systems  was  carried  out  during 
1980s  which  resulted  in  higher  biogas  yield  in  undiluted  waste. 
Untill  1980s  most  of  the  research  was  concentrated  on  LS  systems 
and  LS  processes  were  well  established  and  was  in  more  use; 
however,  from  last  few  decades  focus  of  research  has  been  shifted 
from  wet  to  dry  systems.  This  is  due  to  superiority  of  dry  systems 
over  wet  systems;  in  some  cases  like  pre-treatment,  dry  systems 
are  less  cumbersome  than  wet  systems  and  have  greater  intoler¬ 
ance  for  impurities  such  as  stones,  glass  or  wood.  Therefore  in 
these  systems  only  coarser  impurities  need  to  be  moved  out  before 
digestion,  e.g.  >  40  mm.  Dry  systems  contain  high  solid  contents 
which  are  in  the  range  of  20-40%. 

Due  to  the  high  solids  content  in  dry  systems  they  require 
different  handling,  mixing  and  pretreatment  than  those  of  wet 
systems.  The  main  problem  in  the  dry  systems  is  the  handling  and 
transport  of  slurry.  In  wet  systems,  cheap  instruments  can  be  used 
for  this  purpose;  however,  for  handling  and  transporting  slurry  for 
dry  systems  the  instruments  needed  are  expensive  and  robust.  The 
feedstock  is  transported  by  conveyor  belts,  screws,  and  powerful 
pumps  especially  designed  for  highly  viscous  systems.  Due  to 
viscosity  SSHS  systems  use  plug-flow  reactors;  however,  in  SSLS 
complete  mixing  occurs.  In  plug-flow  reactors  contents  are  not 
completely  mixed  but  move  as  a  plug  through  the  reactor  from  the 
feed  port  to  the  exit,  like  stuffing  a  sausage  casing.  This  process 
requires  heavy  process  equipment  that  can  handle  dry,  viscous 
material  that  does  not  flow  freely.  Therefore,  SSHS  systems  require 
no  mechanical  device  within  the  reactor  [105].  Most  of  the  SSHS/ 
DAD  systems  work  in  continuous  process  reactors,  and  function  on 


the  principle  of  adding  waste  to  the  reactor  at  regular  intervals  and 
removing  an  equal  amount  of  finished  product. 

Over  the  last  two  decades,  different  types  of  SSHS  for  operating 
DAD  systems  have  been  in  use  in  Europe;  some  of  them  are  the 
Dranco,  Kompogas,  and  Valorga  processes,  shown  in  Fig.  10.  The 
biogas  yield  of  above  systems  was  reported  to  be  in  the  range  from 
0.3  to  0.5  m3  kg-1  volatile  solids  (VS).  All  the  three  reactors  consist 
of  a  continuous  single  stage  at  mesophilic/thermophilic  condition 
and  the  total  solids  content  ranges  from  20%  to  40%  [106], 

The  Dranco  reactor  was  marketed  by  Organic  Waste  Systems 
(OWS)  of  Belgium;  there  are  several  Dranco  plants  in  operation, 
such  as,  the  one  in  Brecht,  Belgium  (12,000  t/a),  Bassum,  Germany 
(13,500  t/a),  Kaiserslautern,  Germany  (20,000  t/a),  and  Salzburg, 
Austria  (20,000  t/a)  [107],  The  Dranco  (Dry  Anaerobic  Composting) 
process  is  a  true  dry-process  for  treatment  of  the  organic  fraction 
of  MSW.  In  the  DRANCO  reactor,  the  feedstock  is  fed  from  the  top 
and  digested  matter  is  collected  from  the  bottom  (Fig.  11).  There  is 
no  internal  mixing  mechanism  occuring  in  this  process.  Total  solid 
content  in  this  type  of  reactor  varies  from  30%  to  40%  [108],  In  this 
process,  mixing  of  material  occurs  outside  the  tank  and  recycled 
digestate  with  fresh  feedstock  is  blended  in  the  ratio  of  6:1  before 
feeding  to  the  tank  from  the  top  [109],  The  Valorga  process  was 
developed  in  France  and  is  a  semi-dry,  mesophilic  process  (Fig.  12). 
The  Valorga  process  takes  place  in  the  following  steps.  In  this 
process,  mixing  of  waste  with  recycled  process  water  is  done  after 
pretreatment.  Process  water  is  recycled  to  get  the  solid  content  at 
the  level  of  30%  TS  inside  the  reactor  [102].  After  that  the  influent 
is  pumped  into  the  reactor  which  is  of  a  fully  mixed  reactor  type. 
Mixing  takes  place  by  pneumatic  stirring,  i.e.  the  produced  biogas 
is  compressed  and  sent  through  the  contents  of  the  reactor  [107], 
There  are  several  full-scale  Valorga  plants  worldwide,  such  as 
in  Grenoble,  France  (16,000  t/a),  Amiens,  France  (85,000  t/a), 
Papeete,  Tahiti  (90,000  t/a),  Tilburg,  Netherlands  (52,000  t/a)  and 
Tamara  in  French  Polynesia  (92,000  t/a).  The  Kompogas  process 
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Fig.  13.  Schematic  of  a  two-stage  anaerobic  digestion  system  in  general  [110], 
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Fig.  14.  Linde-KCA  two-stage  dry  digester  [112], 


was  developed  by  Schmid  of  Glattbrugg,  Switzerland,  in  the  1980s. 
In  Kompogas  reactors  the  movement  takes  place  in  plug  flow  in  a 
horizontally  disposed  cylindrical  steel  tank.  Mixing  is  done  by  the 
use  of  an  agitator  which  helps  in  carrying  the  material  from  the 
inlet  to  the  outlet,  keeping  heavy  solids  in  suspension,  and 
degassing  the  thick  digestate.  Total  solid  content  in  this  process 
is  at  about  23%.  if  TS  content  is  below  23%  the  heavy  materials 
such  as  sand  and  glass  can  accumulate  at  the  bottom  and  higher  TS 
content  can  obstruct  the  material  flow  [76], 

5.2.  Multi-stage  process 

As  we  know,  in  single  stage  processes  only  one  reactor  is  used 
for  both  hydrolysis/liquefaction-acetogenesis  and  methanogenesis 
processes  but  multi-stage  processes  use  separate  reactors  for  the 
different  stages  of  DAD  to  improve  the  digestion  process.  The 
concept  behind  the  multi-stage  systems  is  to  separate  the  different 
phases  of  the  AD  process  so  that  optimal  conditions  can  be  applied 
in  each  of  them  and  overall  rate  can  be  increased  [110].  The 
difference  can  be  in  the  OLR  of  each  stage,  the  presence  or  absence 
of  oxygen,  the  introduction  of  an  intermediate  treatment,  or  the 
overall  reactor  configuration.  Many  different  combinations  of 
operating  factors  are  possible. 

This  process  uses  basically  two  reactors,  the  first  for  hydrolysis/ 
liquefaction-acetogenesis  and  the  second  for  methanogenesis. 
Typically  two-stage  [111]  processes  attempt  to  optimize  the 
hydrolysis  and  fermentative  acidification  reactions  in  the  first 


stage,  where  the  rate  is  limited  by  hydrolysis  of  complex  carbohy¬ 
drates.  The  second  stage  is  optimized  for  methanogenesis,  where 
the  rate  in  this  stage  is  limited  by  microbial  growth  kinetics.  Since 
methanogenic  archaea  prefer  pH  in  the  range  of  7-8.5  while 
acidogenic  bacteria  prefer  lower  pH,  the  organic  acids  are  diluted 
into  the  second  stage  at  a  controlled  rate.  Often  a  closed  recircula¬ 
tion  loop  is  provided  to  allow  greater  contact  time  for  the 
unhydrolyzed  organic  matter.  Fig.  13  shows  a  general  layout  for 
the  multi-stage  process,  in  which  the  first  reactor  has  high  solid 
and  the  second  reactor  has  low  solid  content  i.e.  dry-wet 
configuration. 


5.2.1.  Multi-stage  high-solid  process 

The  Biopercolat  process  is  a  multi-stage  high-solid  process,  in  a 
liquefaction/hydrolysis  reactor  followed  by  a  methanogenic 
upflow  anaerobic  sludge  blanket  reactor  (UASB)  with  attached 
growth.  Hydrolysis  is  carried  out  in  the  anaerobic  zone,  where 
limited  amount  of  oxygen  is  supplied  i.e  under  high  solids  and 
microaerophilic  conditions.  The  aeration  in  the  first  stage  and  the 
attached  growth  reaction  in  the  second  provide  for  complete 
digestion  at  retention  time  of  only  7  days. 

The  advocates  of  multi-stage  high  solid  process  cite  the 
advantages  of  high  OLR  such  as  15  kg  VS/(m3  day)  for  Biopercolat 
processes  (MSHS).  This  is  due  to  the  fact  that  the  higher  biomass 
retention  with  attached  biofilm  increases  the  resistance  of  metha- 
nogens  to  high  ammonium  concentrations  [79],  However,  the 
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Fig.  15.  (a)  One-stage  dry  batch  digester,  (b)  two-stage  dry  batch  digesters  and  (c)  sequencing  fed  leach  bed  digesters  coupled  with  UASB  [116], 


application  of  multi-stage  systems  for  treatment  process  is  only 
about  10%  of  the  current  utilization  [105],  Fig.  14  depicts  an  MSHS 
system  by  Linde-KCA,  for  commercial  application  with  high  solid 
content  [112,113], 

5.3.  Batch  and  continuous  reactors 

This  section  gives  a  brief  about  batch  and  continuous  reactors. 

5.3.1.  Batch  reactors 

The  main  advantages  from  batch  reactors  are  that  they  are 
relatively  technically  simple  and  robust  in  nature,  and  have  low 
maintenance  requirements,  low  parasitic  energy  loss,  and  most 
importantly  minimum  capital  cost  [114],  However,  they  also  have 
some  drawbacks  viz.  land  footprint  requirement  is  large  as 
compared  to  SSHS  reactors  because  they  are  much  shorter  and 
have  less  OLR,  deposition  of  material  to  the  bottom  which  reduces 
the  biogas  yield  which  ultimately  increases  the  risk  of  explosion 
while  unloading  the  reactor.  The  total  solid  content  in  the  typical 


batch  system  ranges  from  30%  to  40%.  For  reactions,  batch  reactors 
are  loaded  with  fresh  feedstock,  discharged  and  then  loaded  with 
a  new  batch.  The  batch  systems  may  appear  as  in-vessel  landfills 
but  have  higher  reaction  rates  and  higher  biogas  yields  that  may 
be  in  the  range  of  50-100%  of  landfill  ones  because  these  reactors 
are  operated  at  higher  temperatures  than  those  of  landfills  and  the 
leachate  is  re-circulated  continuously. 

The  batch  reactors  may  be  of  three  types  -  single  stage  batch 
system,  sequential  batch  system  and  an  upflow  anaerobic  sludge 
blanket  (UASB)  reactor  [73],  A  single-stage  batch  system  [Fig.  15a] 
operates  at  mesophilic  temperatures  and  consists  of  14  concrete 
reactors  each  of  480  m3  capacity.  In  this  system,  leachate  is  re¬ 
circulated  to  the  top  of  the  same  reactor  and  the  waste  is  mixed  with 
inoculums  before  being  fed  to  these  unstirred  reactors.  The  leachates 
are  recycled  to  the  top  of  each  reactor  after  being  collected  in 
chambers  under  the  reactors  [115],  Mahnert  et  al.  [116]  examined 
the  biogas  and  methane  yield  of  fresh  and  ensiled  grass  species  in  a 
laboratory-scale  batch  digester.  The  highest  biogas  yields  (0.83  and 
0.86  m3  kg~ 1  VS  added)  were  found  for  perennial  ryegrass  and  the 
lowest  (0.72  and  0.65m3kg_1VS  added)  for  fresh  cocksfoot  and 
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silage.  The  sequential  batch  [Fig.  15b]  process  contains  two  or  more 
reactors.  The  leachate  from  the  first  reactor  which  contains  a  high 
level  of  organic  acids  is  re-circulated  to  the  second  reactor,  where 
methanogenesis  occurs.  The  leachate  of  the  second  reactor,  which 
contains  little  or  no  acid,  is  combined  with  pH  buffering  agents  and  re¬ 
circulated  to  the  first  reactor.  This  assures  the  inoculation  between  the 
first  and  second  reactors.  The  third  type  of  batch  process  is  the  hybrid 
batch-UASB  [Fig.  15c]  process,  which  is  more  or  less  similar  to  that  of 
the  multi-stage  process  with  two  reactors.  In  this  type  of  reactor,  the 
first  reactor  is  a  simple  batch  reactor  but  the  second  reactor  which  is 
also  known  as  the  methanogenic  reactor  is  an  upflow  anaerobic  sludge 
blanket  (UASB)  reactor  [103], 

5.3.2.  Continuous  reactors 

In  the  continuous  process,  fresh  material  continuously  enters 
the  tank  and  an  equal  amount  of  digested  material  is  removed. 
There  are  distinct  stages  of  digestion  throughout  the  batch  process 
whereas  equilibrium  is  achieved  in  the  continuous  process.  With 
consistent  feedstock  input,  all  reactions  occur  at  a  fairly  steady  rate 
resulting  in  approximately  constant  biogas  production.  The  struc¬ 
ture  for  a  continuous  process  can  be  identical  to  that  of  a  batch 
process,  a  cylindrical  tank  with  influent  and  effluent  valves. 
Because  there  is  constant  movement,  however,  material  inside 
the  tank  is  mixed  and  does  not  become  stratified.  This  allows  for 
more  optimal  use  of  the  tank  volume  [116].  The  disadvantage  of 


the  continuous  process  is  that  the  removed  effluent  is  a  combina¬ 
tion  of  completely  digested  and  partially  digested  material.  To 
minimize  the  removal  of  partially  digested  material  some  designs 
dictate  the  path  of  the  digestate  inside  the  chamber,  for  example 
through  the  use  of  interior  walls.  The  reported  residence  time 
for  a  continuous  process  is  an  average  across  the  substrate.  In 
the  DAD  process,  this  type  reactors  are  designed  in  a  plug-flow 
model  [116], 

6.  Environmental  impacts  of  DAD 

Because  all  of  the  products  of  AD  have  valuable  end  uses  there  is 
no  waste  produced  and  therefore  less  use  of  landfills,  where  methane 
emissions  create  environmental  damage.  Other  environmental  ben¬ 
efits  include  improved  water  quality,  renewable  energy  generation, 
reduced  need  for  chemical  fertilizers,  and  enhanced  air  quality  due  to 
less  C02  emissions.  The  end  products  of  AD  are  biogas  and  digestate, 
a  moist  solid  which  is  normally  dewatered  to  produce  a  liquid  stream 
and  a  drier  solid.  The  components  of  the  biogas  depend  on  the 
process  of  digestion,  but  are  predominately  methane  and  carbon 
dioxide  in  general.  The  solid  is  a  humus-like,  stable,  organic  material, 
the  quality  and  subsequent  use  of  which  are  determined  by  the 
characteristics  of  the  feedstock  to  the  AD  process.  Only  soluble 
organics  are  degraded  in  the  reactor  so  that  other  materials,  such 
as  glass  or  plastics,  or  trace  elements,  such  as  heavy  metals  or  salts, 


Fig.  16.  Options  for  conversion  and  utilization  of  biogas  and  digestate  in  plants  using  renewables. 


Table  6 

Processes  currently  used  for  purifying  and  enriching  biogas  [128]. 


Biogas  compound 


Technique 


Elimination  of  water  demister 


Elimination  of  H2S  aerobic  biological  oxidation 


Elimination  of  C02  pressure  swing  adsorption  (PSA) 

Techniques  based  on  physical  absorption 

Techniques  based  on  chemical  absorption 


Cyclone  separation 

Condensation 

Drying 

Adsorption  onto  silica 
Adding  FeCl3  to  the  digester 
Adsorption  onto  Fe203 
Absorption  (NaOH) 
Absorption  (iron  solution) 
Membrane  separation 
Biological  filters 
Activated  carbon 
Molecular  sieving 


Membrane  separation 

Propane  adding 
Cryogenisation 
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will  be  present  in  the  solid  if  they  entered  in  the  feedstock.  For  these 
reasons,  researchers  have  proposed  innovative  ideas  and  worked  on 
the  screening  of  useful  products  with  highest  yields  and  less  harmful 
impacts  on  environment  [  117-120], 

Among  other  advantages,  energy  recovery  from  renewable 
sources  can  help  to  reduce  Green-House  Gas  (GHG)  emissions. 
Unlike  combustion  of  natural  gas,  liquefied  gas,  oil  and  coal, 
energy  generation  from  biogas  is  an  almost  carbon  neutral  way 
to  produce  energy  from  regional  available  raw  materials.  The 
options  for  conversion  and  utilization  of  biogas  and  digestate  in 
plants  using  renewables  are  presented  in  Fig.  16.  Many  of  the 
European  municipalities,  based  on  the  production  of  biogas, 
developed  programs  of  solid  waste  valorization  under  the  frame¬ 
work  of  new  policies  regarding  waste  management  [117-120].  Rasi 
et  al.  [121]  focused  on  the  trace  compounds  of  biogas  from 
different  biogas  production  plants.  The  authors  pointed  out  that 
at  the  industrial  level,  in  biogas  currently  produced  from  landfills 
and  anaerobic  digesters,  main  components  of  biogas  are  methane 
(CH4)  and  carbon  dioxide  (C02)  before  purification.  However, 
variable  amounts  of  minor  compounds  such  as  hydrogen  sulfide 


(H2S),  water  (H20),  and  ammonia  (NH3)  as  well  as  many  others 
could  also  be  part  of  the  biogas  composition. 

Yamulki  [122]  worked  on  nitrous  oxide  and  methane  emissions 
from  stored  solid  manure  and  found  that  stored  farmyard  manure 
heaps  are  a  source  of  nitrous  oxide  and  methane  emissions.  Sneath 
et  al.  [123]  found  a  CH4  emission  rate  of  17.1gcm_3d_1  and 
411  mg  Nm~3  d_1.  Skiba  et  al.  [124]  found  an  emission  rate  of  1.4- 
38.6  g  N20-Nm~3  d_1  for  a  300  m3  dung  heap.  Losses  can  be 
reduced  by  the  means  of  continuous  anaerobic  digestion  of  daily 
produced  solid  manure.  GHG  emission  in  the  case  of  solid  manure 
storage  may  be  higher  than  that  of  storage  of  slurry  so  that  the 
continuous  anaerobic  digestion  of  daily  produced  solid  manure  is 
important.  Schauss  et  al.  [125]  analyzed  the  emissions  of  anaero¬ 
bically  treated  organic-matter.  In  this  study,  liquid  and  solid 
digestions  residues  were  applied  as  fertilizer.  Harvesting  and 
fermenting  of  straw  and  intercrops  were  done  in  biogas  reactors 
and  application  has  been  done  as  a  fertilizer  on  the  field.  Low  level 
of  N20  emissions  and  reduced  losses  (458  g  N  ha-1  a-1)  of  the  soil 
compared  to  the  control  variant  (770  g  N  ha-1  a-1)  in  case  of 
winter  wheat  were  found.  Slightly  decreased  CH4  uptake  rate 


Table  7 

Toxicity  values  retained  for  the  chemical  risk  evaluation  1129). 


Molecule 

Inhalation  URF  (mg/m3)-1 

RfC  (mg/m3) 

CREL  (ing/m3) 

Organization 

Risk  description 

Acetaldehyde 

2.7E-06 

OEHHA 

Nasal  cancers  in  rats 

Formaldehyde 

1.3E-05 

US-EPA 

Squamous  cell  carcinoma  in  rats 

Trichloroethene 

2.0E-06 

OEHHA 

Hepatocellular  adenoma  and  carcinoma  incidence  in  mice 

Vinyl  chloride 

7.8E-05 

OEHHA 

Lung  cancers  in  mice 

Tetrachloroethylene 

5.90E-06 

OEHHA 

Hepatocellular  adenoma  and  carcinoma  incidence  in  mice 

Tetrachloromethane 

4.2E-05 

OEHHA 

Liver  tumors  in  mice 

1,4  dichlorobenzene 

1.0E-05 

OEHHA 

Calculated  from  a  cancer  potency  factor  derived  by  CDHS 

Benzene 

2.9E-05 

OEHHA 

Human  occupational  exposure  leukemia 

Chromium 

VI  0.15 

OEHHA 

Human  lung  cancer  mortality  data 

Arsenic 

4.3E-03 

US-EPA 

Human  lung  cancer 

Nickel 

4.0E-04 

WHO 

Human  lung  cancer 

Cadmium 

4.2E-03 

OEHHA 

Human  lung  cancer 

Mercury 

0.09 

OEHHA 

Effects  on  human  nervous  system 

Hydrogen  sulfide 

2 

US-EPA 

Hydrogen  chloride 

9 

OEHHA 

Effects  on  human  respiratory  system 

Phosgene 

0.3 

US-EPA 

Hydrogen  fluoride 

14 

OEHHA 

URF,  Unit  Risk  Factor;  RfC,  reference  concentration;  CREL,  chronic  reference  exposure  level.  US-EPA,  United  States  Environmental  Protection  Agency;  OEHHA,  US-Office  of 
Environmental  Health  Hazard  Assessment;  CDHS,  California  Department  of  Health  Services;  WHO,  World  Health  Organization. 


Fig.  17.  Material  balance  in  AD  process  [134], 
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Fig.  18.  Energy  flow  in  AD  process  [134], 


Fig.  19.  Simplified  dry  digestion  model  proposed  (HPr:  propionic  acid)  by  Bollon  et  al.  [144], 


(484  g  C  ha-1  a~')  as  compared  to  the  controlled  variant 
(591  g  C  ha~'  a-1)  was  found  in  the  measurements  of  CH4  fluxes. 
Wulf  et  al.  [126]  found  that  the  anaerobic  co-fermentation  of 
organic  MSW  increased  the  biogas  yield  and  helped  simulta¬ 
neously  in  the  reduction  of  C02  emissions. 

Dry  fermentation  residues  can  be  anaerobically  composted  due 
to  their  high  dry  matter  content.  If  an  aerobic  process  heats  the 
solid  organic  matter  followed  by  anaerobic  fermentation  there  is 
little  positive  environmental  impact  of  DAD  as  compared  to  slurry 
biogas  plants  viz.  pathogens  are  reduced  by  the  high  temperature 
during  the  aerobic  process  and  for  the  following  anaerobic 
process,  the  generated  heat  is  used  as  process  heat  [127],  Table  6 
summarizes  the  main  technical  processes  currently  used  for 
purification  and  enrichment  of  biogas  [128],  Ghinwa  et  al.  [129] 
determined  the  microbiological  and  chemical  compositions  of 
different  biogas  types  in  order  to  conduct  risk  assessments  of 
the  potential  health  hazards  associated  with  biogas  used  for 
cooking.  It  was  found  that  if  the  biogas  is  produced  from  the 
fermentation  of  non-dangerous  waste  then  as  compared  to  natural 
gas  processed  biogas  in  the  distribution  network  it  did  not  present 
any  additional  chemical  or  microbiological  risk  to  consumers. 
Table  7  shows  the  toxicity  values  for  the  chemical  risk  evaluation. 
Some  other  important  environmental  aspects  associated  with  the 
DAD  process  are  e.g.  electricity  generated  from  biogas  is  green 
because  it  causes  no  net  carbon  emissions  to  the  atmosphere. 
Combustion  of  methane  proceeds  according  to  the  equation 

CH4  +  202  ->  C02  +  2H2  0  (21) 

Though  carbon  dioxide  is  a  product  of  this  reaction  the 
source  of  the  carbon  is  from  biomass,  not  fossil  fuels.  In  other 
words,  the  C02  released  will  subsequently  be  used  by  plants  in 


photosynthesis  to  produce  carbohydrates.  These  carbohydrates 
will  be  processed  to  form  food,  the  scraps  of  which  will  be  used 
as  the  fuel  of  the  AD  facility,  thus  closing  the  loop.  The  benefits 
of  decreasing  fossil  fuel  use  are  well  documented  and  include 
reduced  dependence  on  foreign  fuel  sources.  The  75,000  tpa 
facility  would  generate  approximately  7.5  million  kWh  each 
year,  enough  to  supply  1250  homes  [130]  and  displace 
13,000  t  carbon  dioxide  [131],  Similarly,  use  of  digestate  as  a 
compost  material  for  agriculture  is  a  proven  method  to  maintain 
or  restore  the  quality  of  soils  [132],  Compost  has  been  proven  to 
be  effective  globally,  for  example  in  southern  Europe  where  it  is 
a  valuable  method  of  tracking  organic  matter  depletion,  deser¬ 
tification  and  soil  erosion  [133], 


7.  Material  and  energy  flow  in  DAD  process  with  available 
models 

Ostrem  [134]  has  shown  a  typical  flow  of  materials  and  energy 
for  an  anaerobic  digestion  system  for  material  and  energy  balance 
as  shown  in  Figs.  17  and  18  respectively.  The  moisture  content  of 
raw  waste  is  normally  between  50%  and  65%,  and  so  water  must  be 
added  to  raise  it  above  75%.  This  is  provided  by  dewatering  the 
final  solid  digestate  and  recirculating  the  water  back  to  the  mixing 
tank.  High  moisture  is  critical  for  feedstock  in  an  AD  plant  so  that 
it  can  be  pumped.  The  material  balance  shows  that  this  amount  of 
additional  water  can  be  supplied  entirely  by  recycled  process 
water,  saving  money  and  resources  for  the  plant. 

The  biogas  is  the  energy  carrier  in  the  process,  and  its  use  is 
detailed  in  the  energy  balance  shown  in  Fig.  19  by  Ostrem  [134], 
Batstone  [135]  has  strived  for  a  standardization  of  model  structure 
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and  parameterization  over  the  last  couple  of  years.  Two  most 
widely  used  models  for  anaerobic  digestion  are  the  Anaerobic 
Digestion  Model  no.  1  (ADM1),  developed  by  a  task  group  for  the 
International  Water  Association  (1WA),  and  Siegriest  Model  [136], 
The  ADM1  has  often  been  used  as  a  framework  model  enabling 
researchers  to  focus  on  modifications  for  specific  purposes.  The 
model  includes  kinetics  for  disintegration  of  homogenous  particles 
to  carbohydrates,  proteins  and  lipids,  and  hydrolysis  of  these 
particles  to  sugars,  amino  acids  and  LCFA.  Whereas  Siegriest  is  a 
slightly  more  simplified  model  oriented  towards  mixed  sludge 
treatment.  The  main  differences  are  the  exclusion  of  valerate  and 
butyrate  as  state  variables.  The  hydrolysis  is  modeled  as  a  single 
step  process  with  first  order  kinetics  with  respect  to  the  concen¬ 
tration  of  particulate  matter;  furthermore,  the  uptake  and  decay 
rates  are  higher  than  in  the  ADM1  model.  The  two  models  were 
constructed  with  different  approaches;  the  Siegriest  model  para¬ 
meters  are  based  on  experiments,  whereas  the  ADM1  uses  review 
consensus  [135], 

Lubken  et  al.  [137]  show  the  application  and  modification  of 
Anaerobic  Digestion  Model  no.  1  (ADM1)  to  simulate  energy 
production  of  the  digestion  of  cattle  manure  and  renewable 
energy  crops.  This  paper  additionally  presents  an  energy  balance 
model,  which  enables  the  dynamic  calculation  of  net  energy 
production.  The  model  was  applied  to  a  pilot-scale  biogas  reactor. 
It  was  found  in  a  simulation  study  that  a  continuous  feeding  and 
splitting  of  the  reactor  feed  into  smaller  heaps  do  not  generally 
have  a  positive  effect  on  the  net  energy  yield.  Energy  losses  were 
strongly  influenced  by  the  season.  From  the  abovesaid  discussions 
in  the  article's  various  sections,  it  can  be  concluded  that  AD  is  a 
complex  system  of  biochemical  and  physical  processes.  Due  to  the 
complexity  of  the  process  it  has  been  traditionally  treated  as  a 
black  box  system,  and  optimization  has  been  based  on  experience 
or  trial  and  error  methods.  As  experiments  of  anaerobic  digestion 
processes  are  expensive  and  time-consuming,  modeling  can  pro¬ 
vide  a  useful  tool  for  process  understanding  and  optimization. 
Models  have  potentials  for  revealing  non-linear  behaviors  of  the 
system  and  to  quantify  the  performance  of  alternative  operational 
setups.  Usually  such  processes  contain  a  particular  step,  the  so 
called  rate-limiting  or  rate-determining  step,  which,  being  the 
slowest,  limits  the  rate  of  the  overall  process  [138],  Lawrence  [139] 
defined  limiting  step  as  “that  step  which  will  cause  process  failure 
to  occur  under  imposed  conditions  of  kinetic  stress".  The  first 
attempts  for  modeling  anaerobic  digestion  led  to  models  describ¬ 
ing  only  the  limiting  step.  However,  during  a  wide  range  of 
operating  conditions,  the  limiting  step  is  not  always  the  same.  It 
may  depend  on  waste  characteristics,  hydraulic  loading,  tempera¬ 
ture,  C/N  ratio,  etc. 

For  general  aspects  on  modeling  for  anaerobic  digestion, 
Lyberatos  and  Skiadas  [140]  gave  an  extensive  review.  All  the 
existing  detailed  anaerobic  digestion  models  take  into  account 
particularly  the  importance  of  describing  the  behavior  of  anaero¬ 
bic  digesters.  They  concluded  that  some  important  factors  should 
be  evaluated  from  a  modeling  point  of  view,  and  the  effect  of  the 
significant  ones  should  be  properly  accounted  for  i.e.  digester 
startup  conditions;  degree  of  acclimation  to  the  fed  wastewater; 
hydraulic  loading;  organic  loading;  biogas  production  per  unit 
volume;  concentration  of  inhibitors;  availability  of  nutrients; 
cation  concentration,  especially  Ca2+  and  Mg2+;  and  concentra¬ 
tion  and  type  of  solids  contained  in  the  waste/wastewater. 

As  per  the  objective  of  this  article,  models  involved  in  the  solid 
state  anaerobic  digestion  are  also  reviewed  according  to  the 
availability  of  literature.  Jha  et  al.  [141]  discussed  and  reviewed 
the  kinetic  modeling  of  the  anaerobic  degradation  of  solid  organic 
wastes,  which  is  increasingly  needed  for  a  better  understanding  of 
the  performance  of  these  systems.  It  is  essential  for  the  rational 
design  and  operation  of  biological  waste  treatment  systems  to 


predict  the  system  stability,  effluent  quality,  and  waste  stabiliza¬ 
tion.  Kalyuzhnyi  et  al.  [142]  has  developed  a  structured  mathe¬ 
matical  model  of  anaerobic  solid  state  fermentation  (ASSF), 
including  multiple  reaction  stoichiometry,  microbial  growth 
kinetics,  material  balances,  liquid-gas  interactions  and  liquid 
phase  equilibrium  chemistry.  The  theoretical  model  is  in  agree¬ 
ment  at  a  qualitative  level  with  existing  experimental  studies  of 
ASSF.  Based  on  computer  simulations  that  model  influence  of 
biodegradability  and  mass  transfer  intensity  on  the  fermentation 
process  stability,  possible  measures  were  proposed  to  prevent 
accumulation  of  VFAs  inside  the  “seed"  particles  beyond  their 
assimilative  methanogenic  capacity.  Vieitez  et  al.  [143]  developed 
a  Monod-type  product-formation  model  that  was  used  to  predict 
methane  formation  and  to  determine  kinetic  parameters  for  the 
methanogenic  processes  in  a  simulated  landfill  or  methane  reac¬ 
tors.  Bollon  et  al.  [144]  developed  a  kinetic  model  to  specifically 
assess  the  degradation  of  the  organic  fraction  of  municipal  solid 
waste  (OFMSW)  in  dry  anaerobic  digestion  processes  (Fig.  19).  The 
model  description  was  designed  to  include  several  aspects  of  dry 
digestion  such  as  the  presence  of  particulate  matter  and  high  solid 
content.  The  model  was  shown  to  simulate  well  batch  degradation 
of  acetate  and  methane  production  in  dry  mode. 


8.  Conclusions 

DAD  is  a  tool  to  transform  the  organic  waste  materials  to 
quality  based  end-product  with  less  input  of  water,  less  odor 
emissions,  less  nutrient  runoff  during  storage  and  distributions  of 
digester  residues  because  there  is  no  liquid  mass  transfer.  It  is  an 
approach  to  degrade  high  solid  content  waste  materials  in  an  eco- 
friendly  manner.  The  degradation  of  a  waste  material  and  the  rate 
at  which  it  is  achieved  depend  on  various  environmental  and 
operational  conditions  like  material  and  energy  flow  with  model¬ 
ing,  pilot  scale  conditions,  pre-  and  post-treatments  and  reactor 
volumes.  This  technology  needs  to  be  properly  optimized.  Hence, 
it  can  be  concluded  that  research  opportunities  in  dry  anaerobic 
digestion  involve  understanding  the  use  of  feedstock  with  opera¬ 
tional  parameters,  control  and  presence  of  microorganisms  with 
reactor  design  and  operation,  well-suited  for  the  digestion  envir¬ 
onment.  This  review  should  help  in  setting  up  the  process  of  DAD 
based  on  various  approaches  in  developed,  developing  and  under¬ 
developed  countries  to  promote  waste  to  energy  route. 
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